Abstract. The electronic and geometric effects induced by preparation methods on small platinum particles supported on high surface-area zeolite HY were studied by X-ray absorption fine structure (XAFS) spectroscopy. Pt/HY catalysts were prepared by a variety of techniques, including incipient wetness impregnation (IWI) and vapor-phase impregnation (VPI). Results of EXAFS for series of equal loadings of Pt prepared by IWI and VPI showed that the Pt clusters resulting from the VPI preparation had lower Pt-Pt coordination and higher coordination to the zeolite lattice oxygen. The electronic properties and structures of Pt/HY catalysts prepared with IWI approach can be altered by using different Pt precursor solutions.
INTRODUCTION
Zeolite supported Pt catalysts typically can be prepared with methods like ion exchange (IE) [1] , incipient wetness impregnation (IWI) [2] and vapor-phase impregnation (VPI) [3] . The different preparation methods usually result in differences in the distributions of Pt particle size and location, and consequently affect the final catalytic performance.
In this work, we synthesized Pt/HY catalysts with incipient wetness impregnation and vapor phase impregnation methods and using different agents. Highly dispersed Pt particles were introduced inside the zeolite pores by applying a very careful synthesis procedure to obtain a narrow particle size distribution. XAFS was used to determine the average Pt-Pt coordination structure and electronic property changes affected by the preparation methods.
EXPERIMENTAL
The Pt(1wt%)/HY catalysts were prepared with two different methods, IWI and VPI, respectively. In the IWI method, Pt(NH 3 ) 4 (NO 3 ) 2 was dissolved in acetone or de-ionized water (0.69 cm 3 /g-support) and then impregnated over the dry HY zeolite support (BET area =292 m 2 /g, SiO 2 /Al 2 O 3 ratio = 6). The mixture was further calcined at 623 K. The samples prepared with acetone and water are named as IWI_A, and IWI_W, respectively. In the VPI method [4] , Pt(AcAc) 2 and HY support are physically mixed in N 2 atmosphere. The mixture was heated with a ramp of 0.2 K/min (or 1 K/min) from room temperature to 373 K, at which temperature the mixture is held for 1 h to sublime the Pt(AcAc) 2 . After sublimation the sample is heated to 623 K in air for 2 h to decompose the Pt precursor. The samples prepared with heating rate of 0.2 K/min and 1.0 K/min are named as VPI_02 and VPI_10, respectively.
The x-ray absorption data were collected in transmission mode on the beam line 4W1B of the BSRF (Beijing, 2.2 GeV and typical current of 80-220 mA). The catalysts were reduced in situ with a hydrogen flow at 573 K. When the intensity of the whiteline stayed unchanged, the catalyst was cooled down to liquid nitrogen temperature in He and XAFS spectra were taken. The EXAFS data analysis was performed by following standard procedure. Theoretical phase shifts and backscattering amplitudes for the Pt-Pt and Pt-O absorber-scattering pairs were used in EXAFS data analysis, which were generated utilizing the FEFF 8.2 code. The theoretical references were calibrated with the aid of the experimental data of Pt foil and Na 2 Pt(OH) 6 .
RESULTS
The k-weighted raw EXAFS data of the Pt/HY samples prepared with different methods are present in Figure 1a . The four samples have similar oscillation and similar node distances, pointing to a similar structure. The signal-to-noise ratio allows for EXAFS data analysis up to k=16 Å -1 . The corresponding Fourier transforms (k, ∆k=3-15 Å -1 ) of the EXAFS spectra are given in Figure 1b . The shoulders at both the low and high R sides of the first Pt-Pt peak in the Fourier transform (FT) are due to the nonlinear Pt-Pt phase shift and the k dependence of the Pt backscattering amplitude [5] . It can be seen that the FT magnitude decreases in the order IWI_A > IWI_W > VPI_10 > VPI_02. Both high Z (Pt-Pt) and low Z (Pt-O) contributions are present in the EXAFS data collected on our Pt/HY samples. Multiple-shell fitting (FT: ∆k=3-15 Å -1 , ∆R=1.6-3.1 Å) together with the difference-file technique, were used to identify the Pt and O backscatters. There are eight free-fit parameters, which is lower than the number of independent parameters according to the Nyquist theorem (N indp =ΔrΔk/π+2=13.5). Minimizing the variances in imaginary and absolute parts led to the best fit. The variances of the fit of the imaginary part and absolute part are less than 2% for all samples. The quality of the fit for Pt/HY VPI_02 shown in Figure 2 is representative for all samples. The FT of the difference file (raw data minus the fitted Pt-Pt EXAFS) is given in Figure 2b . This FT shows different peaks: AXAFS around 0.7 Å, Pt-O at about 2.2 Å, Pt-Pt 2 (the second Pt coordination shell, around 3.6 Å). The FT of the fitted Pt-O contribution (i.e., the fitting R-space for 1.6<R<3.1 Å) is plotted with a dotted line. The resulting fit parameters are displayed in Table 1 . The errors of data and fits are roughly estimated from the change of the residual factors to be 15% for N, 0.25% for R, 10% for σ 2 and 4 eV for ΔE 0 . No ambiguities of the theoretical standards are included. The Pt-Pt coordination numbers can be related to the average Pt particle size, because the number of atoms per particle increases with approximately the cube of particle diameter. Based upon the assumption of spherical-shaped supported Pt particles with a face-centered cubic structure, and using HRTEM results, the Pt particle size in our samples should be in the range from 1.3 to 0.9 nm [6] . Table 1 gives metal-oxygen distance ranging from 2.5 to 2.7 Å, which is much longer than that in conventional supported metal catalysts (metal: Rh, Pt; supports: Al 2 O 3 , MgO). The long metal-oxygen distance observed in this work is attributed to the metal-oxygen coordination arising from metal-support interface. Additionally, the long Pt-O distance systematically decreases with decreasing electron richness of the substrate oxygen. More research is needed to further explain this observed effect. Figure 3 displays the Pt L 3 X-ray absorption edges for Pt/HY samples as a function of the absolute photon energy (Pt foil data were used as an absolute energy reference). It can be seen that the preparation methods and agents used lead to large changes in shape and intensity of the white lines of edges. The L 3 edge of IWI_A appears shifted to lower energy by about 0.9 eV relative to the edge of IWI_W. Additionally, the shape resonance caused by water modified zeolite surface is also observed on IWI_W sample [7] . The VPI method prepared Pt/HY samples with different temperature ramping rates do not show notable difference in edge positions but demonstrate slight intensity change. It seems the lower temperature ramping rate results in less d-vacancies in Pt atoms, since the whiteline areas of Pt L 3 -edge are known to be proportional to the number of d-band holes [8] .
The results, briefly summarized above for Pt/HY catalysts, clearly reveal that the metal particles experience an electronic interaction that is determined by the properties of the support. The change in the electronic properties of the Pt cluster is induced by and correlated with the electron richness of the substrate oxygen atoms. The ionization potential of the Pt particles decreases with increasing negative charge on the support oxygen atoms [9] . These results show that the potential of the oxygen ions is not only a function of the alkalinity of the support, but also a function of the polarization field of the charge compensating cations (H + , Na + and extra-framework Al). Hence, the structural and electronic properties of the Pt particles are determined by several properties of the support. The first consideration is the residual acidity that may remain on the zeolite after each preparation. For the IE catalysts, a back-exchange procedure is necessary in order to exchange out Bronsted sites arising from reduction of Pt 2+ exchanged in the zeolite [10] . In the IWI method, the acid sites of zeolite are modified by Pt-water solution while Pt-acetone solution brings little exchange with the zeolite, because acetone evaporation pressure is much lower than water which can anchor on the Si-O and Al-O surface groups. Finally, the VPI method avoids the exchange of charge compensating cations with Bronsted sites [11] , and the electronic properties of Pt clusters are less affected. The second important aspect to consider is the size and location of the Pt clusters in the zeolite. IWI with Pt-acetone solution leads to larger Pt clusters in the reduction step, as compared to IWI using Pt-water solution. The VPI method results in the narrow distribution of the Pt clusters with relatively smaller size. The electronic properties of Pt clusters are also related to their size. The nature of the support induced by preparation method influences the rate of hydrogenation and hydrogenolysis reactions on catalytically active metal particles. Catalysts prepared by the VPI procedure were found to be more active and selective with much greater stability than the IWI and IE catalysts.
CONCLUSION
In summary, XAFS was used to investigate the geometric and electronic effects of preparation methods on Pt nano-particles supported on zeolite HY. It was found that the Pt clusters prepared with the vapor phase impregnation method had lower Pt-Pt coordination and higher coordination to the zeolite lattice oxygen as compared with Pt/HY produced with incipient wetness impregnation. The electronic properties and structures of Pt/HY catalysts prepared with IWI approach can be altered by using different Pt precursor solutions.
